Phosphoinositide signaling regulates diverse cellular functions. Phosphoinositide-3 kinase (PI3K) generates PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 , leading to the activation of proliferative and anti-apoptotic signaling pathways. Termination of phosphoinositide signaling requires hydrolysis of inositol ring phosphate groups through the actions of PtdIns(3,4,5)P 3 3-phosphatase (PTEN), PtdIns(3,4,5)P 3 5-phosphatases (eg, SHIP), and PtdIns(3,4)P 2 4-phosphatases (eg, INPP4B). The biological relevance of most of these phosphoinositide phosphatases in acute myeloid leukemia (AML) remains poorly understood. Mass spectrometry-based gene expression profiling of 3-, 4-and 5-phosphatases in human AML revealed significant overexpression of INPP4B. Analysis of an expanded panel of 205 AML cases at diagnosis revealed INPP4B overexpression in association with reduced responses to chemotherapy, early relapse, and poor overall survival, independent of other risk factors. Ectopic overexpression of INPP4B conferred leukemic resistance to cytosine arabinoside (ara-C), daunorubicin, and etoposide. Expression of a phosphatase inert variant (INPP4B C842A) failed to abrogate resistance of AML cells to chemotherapy in vitro or in vivo. In contrast, targeted suppression of endogenously overexpressed INPP4B by RNA interference sensitized AML cell lines and primary AML to chemotherapy. These findings demonstrate a previously unsuspected and clinically relevant role for INPP4B gain of function as a mediator of chemoresistance and poor survival outcome in AML independent of its phosphoinositide phosphatase function. (Blood. 2015;125(18):2815-2824 
Introduction
Acute myeloid leukemia (AML) is an aggressive bone marrow (BM) malignancy arising from somatic transformation of hematopoietic progenitor cells. Failure to achieve complete remission (CR) is associated with increased age, poor performance status, higher presenting white blood cell counts, secondary AML, and unfavorable risk karyotype. [1] [2] [3] [4] [5] Molecular mechanisms of chemoresistance include constitutive activation of tyrosine kinase receptors and intracellular signal transducer molecules, such as phosphoinositide-3 kinase (PI3K) and protein kinase B (AKT). [6] [7] [8] [9] Phosphoinositide signaling second messengers such as PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 are phosphorylated by PI3K and negatively regulated by a tripartite family of 3-, 4-, and 5-phosphoinositide phosphatases. 10 PtdIns (3,4,5)P 3 and PtdIns(3,4)P 2 function to recruit pleckstrin homology domain-containing proteins such as AKT to the plasma membrane. [11] [12] [13] The 3-phosphatase PTEN (phosphatase and tensin homolog deleted on chromosome 10) removes the phosphate in the D-3 position from PtdIns(3,4,5)P 3 to generate PtdIns(4,5)P 2 , whereas the 5-phosphatases hydrolyze the phosphate in the D-5 position from PtdIns(3,4,5)P 3 to produce PtdIns(3,4)P 2 . The latter is further hydrolyzed by the 4-phosphatases at the phosphate in the D-4 position to produce PtdIns(3)P, which terminates PI3K/AKTdependent signaling. Although the 3-phosphatase PTEN is uncommonly mutated in AML, 14, 15 loss of function has been ascribed to cytoplasmic mutated nucleophosmin 1 (NPM1 MUT ), which promotes PTEN ubiquitination and degradation. 16 Constitutive phosphorylation and inactivation of PTEN also promotes AKT activation and poor survival outcome in AML. 17 Expression of the inositol polyphosphate-5-phosphatase SH2 domain-containing inositol 59-phosphatase (SHIP-1) is reduced in myelodysplastic syndrome progenitor cells, consistent with a potential tumor suppressor role. 18 SHIP-1 coding mutations, however, are very rare, with isolated reports of potential dominant negative function linked to mutations in the phosphatase domain. 19, 20 The role of other phosphoinositides in AML has not been extensively studied.
We therefore undertook a quantitative screen of phosphoinositide phosphatase expression in human AML and we here report the aberrant overexpression of the phosphoinositide 4-phosphatase INPP4B in association with treatment failure, early relapse, and poor overall survival (OS) after intensive chemotherapy. Furthermore, we show that INPP4B confers resistance to common AML therapies by a mechanism that is independent of its phosphoinositide phosphatase activity, highlighting a novel gain-of-function role in AML.
Methods

Patients and characteristics
A retrospective analysis of 205 consecutive patients undergoing intensive induction chemotherapy for AML at the Alfred Hospital between November 2000 and July 2013 was conducted. Patients received induction with either 7 1 3 (ara-C 100 mg/m 2 for 7 days plus idarubicin 12 mg/m 2 for 3 days) or a similar regimen that included high-dose ara-C defined by the total use of 10 to 24 g/m 2 . Morphologic classification was by World Health Organization criteria, 21 and cytogenetic risk was determined according to Medical Research Council criteria. 22 The study was conducted with the approval of the Alfred Human Research Ethics Committee. Normal BM was obtained from patients in whom BM examinations were assessed as being morphologically uninvolved with pathology. Fms-like tyrosine kinase 3-internal tandem duplication (FLT3-ITD) detection was performed as previously published. 23 
Mononuclear cell isolation and Sequenom MassARRAY quantitative gene expression
For MassARRAY quantitative gene expression, BM samples with .70% blasts were chosen for expression analysis to reduce the confounding effects of contaminating non-leukemic cells. Mononuclear cells were isolated by using FicollHypaque (GE Healthcare, Amersham, UK) followed by NH 4 Cl lysis to remove red blood cells and resuspension in TRIzol reagent (Invitrogen, MA). Total RNA was purified by using a Qiagen miRNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Invitrogen Superscript RT III cDNA Synthesis kit (Invitrogen) was used to synthesize complementary DNA that was subjected to MassARRAY quantitative gene expression by Sequenom (San Diego, CA). Experiments were performed in quadruplicate at 4 dilutions for each transcript per the manufacturer's protocols described on www. sequenom.com. The complementary DNA was mixed with a serially diluted synthetic competitor used as an internal standard on which quantification of the transcript was based. Normalized gene expression values (aM) were calculated by using GeNorm software. 24 For each sample, the gene expression normalization factor was calculated on the basis of the geometric mean of housekeeping genes to which experimental raw data were normalized. Details of oligonucleotide primers are available on request.
Immunohistochemistry
Immunohistochemical analysis was performed on BM trephines fixed in 10% neutral buffered formalin followed by EDTA decalcification. Processing and wax infiltration was performed by using a Leica Peloris Automated Tissue Processor. Epitope retrieval was performed by using a Dako Pascal pressure cooker at 120°C for 1 minute with tris(hydroxymethyl)aminomethane-EDTA (pH 8.0) buffer. Peroxidase blockade was performed with 3% H 2 O 2 for 10 minutes at room temperature. The primary antibody used for immunohistologic detection of INPP4B was clone 3D5 incubated at a dilution of 1:250 for 30 minutes at room temperature. This antibody was originally developed by Fedele et al, 25 and it detects the N-terminus of the protein. Leica Max Polymer Detection kit was used with a Dako DAB1 chromogen for 10 minutes, and the cells were processed by using a LabVision 360 Autostainer. Each BM trephine was stained for INPP4B, and a representative field was photographed at low and high power. High-power images allowed the morphologic proportion of stained blasts to be assessed. The percentage of blasts expressing INPP4B was then scored by 3 qualified hematopathologists independently in a blinded manner, and the collective scores were averaged to obtain the final result.
Immunoblotting
AML mononuclear cells were derived as previously described. Normal CD34 1 cells were isolated by using Dynabeads CD34 Positive Isolation Kit (Invitrogen) for granulocyte colony-stimulating factor-mobilized peripheral blood samples from healthy donors. Proteins were extracted by using ice-cold NP-40 detergent containing lysis buffer with protease inhibitors (Roche, IN) and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis separation. Proteins were then transferred onto a nitrocellulose membrane (GE Biosciences, Bucks, UK) and the membrane was blocked by using Odyssey blocking buffer (LI-COR Biosciences, NE) prior to incubation with primary antibodies at 1 mg/mL dilutions. The following antibodies were used: pAkt (Ser473; D9E) XP rabbit monoclonal antibody (mAb), phospho-p44/42 MAPK (Erk1/2; Thr202/Tyr204) XP rabbit mAb, Akt rabbit mAb, Bcl-2 (50E3) rabbit mAb, BIM EL (C34C5) rabbit mAb, Bcl-x L (54H6) rabbit mAb (Cell Signaling, MA), Mcl-1 (S-19) rabbit polyclonal antibody (Santa Cruz, CA), b-tubulin mAb (Sigma-Aldrich, MO), and INPP4A (A-19) mAb (Santa Cruz). INPP4B (3D5 and 15E3) mouse mAb were obtained from Christina Mitchell and are available upon request. 25 INPP4B 3D5 binds to the N-terminus of the protein, whereas 15E3 binds to the C-terminal end. The 15E3 antibody was used for immunoblotting a C2 domain-deleted version of INPP4B that lacks the 3D5 epitope. Membranes were incubated with a secondary antibody conjugated to IRDye 680 or 800 (LI-COR Biosciences) and scanned by using the Odyssey Infrared Imaging System (LI-COR Biosciences).
Malachite green phosphatase assay
Thirty micrograms of whole-cell lysates was mixed with 6 mL of INPP4A mAb at 200 mg/mL, and 50 mL of protein G sepharose beads (GE Healthcare) overnight to immunodeplete the supernatant of INPP4A protein for malachite green phosphatase assays. For the assay, the INPP4 substrate PtdIns(3,4)P 2 (Echelon Research Laboratories, UT) was added to the cells for 60 minutes at 37°C in phosphatase assay buffer (50 mM 4-morpholinepropanesulfonic acid [pH 7.0]). Phosphatase activity was measured as the amount of free phosphate liberated by reacting with malachite green (Echelon Research Laboratories) and quantified by absorbance at 620 nm. Data were generated via comparison with a known standard curve for free phosphate, and any nonspecific background activity was accounted for. For more detail regarding methods, see supplemental Data (available at the Blood Web site).
Results
Overexpression of INPP4B in leukemic blasts is associated with poor survival outcome in AML To quantitatively assess the expression of phosphoinositide phosphatases in human AML, a mass spectrometry detection system was used to detect absolute transcript number over a large dynamic range with attomolar sensitivity. 26 Expression levels of the 3-phosphatase PTEN, the 4-phosphatases INPP4A and INPP4B, and the 5-phosphatases Good concordance between INPP4B gene expression and protein levels, as determined by immunoblotting with the 3D5 antibody (supplemental Figure 2) , was demonstrated. We therefore expanded our analysis to examine INPP4B protein expression using the 3D5 clone in a panel of 205 BM trephine sections from patients with AML. The 3D5 monoclonal INPP4B antibody has been previously characterized and used to assess INPP4B expression in breast cancer. 25 The INPP4B mAb immunostained normal megakaryocytes and occasional lymphocytes in non-leukemic BM (not shown). A Kaplan-Meier analysis of the AML cohort stratified into quartiles for INPP4B blast expression revealed separation of leukemia-free survival (LFS) and OS into two aggregated prognostic groups, namely low blast immunoreactivity (,50% blasts positive; Figure 2A ) and high blast immunoreactivity (50% to 100% blasts positive; Figure 2B ) for INPP4B (supplemental Figure 3A -B). The proportion of blasts positive for INPP4B was low in 88% (n 5 180) and high in 12% (n 5 25) of AML cases examined (Table 1) . Patients with a high proportion of INPP4B-positive blasts had significantly inferior LFS (median, 6.2 vs 11.8 months; P 5 .01; Figure 2C ) and OS (median, 11.5 vs For personal use only. on July 21, 2017. by guest www.bloodjournal.org From 26.6 months; P , .01; Figure 2D ) outcomes compared with patients with low INPP4B blast expression ( Table 1 ). The inferior prognostic association of high INPP4B with clinical outcome in AML remained present despite censoring for the confounding impact of allogeneic stem cell transplantation (supplemental Figure 4) . Examination of the prognostic impact of high INPP4B within cytogenetic risk groups revealed no impact among patients with adverse-risk karyotype (Table 1) . Within intermediate-risk karyotype, however, high INPP4B was a significantly poor prognostic factor for both LFS ( Figure 2E ) and OS ( Figure 2F and Table 1 ). Among patients with intermediate-risk karyotype AML, the majority (83%) with high INPP4B were FLT3 and NPM1 wild-type (Table 1) . High INPP4B in intermediate-risk FLT3/NPM1 wild-type AML was also associated with significantly worse survival outcome (supplemental Figure 5 and Table 1 ). There was no association between high INPP4B and FLT3-ITD. The adverse OS impact of high INPP4B blast positivity was not curtailed by intensified chemotherapy approaches. There were 134 patients treated with standard-dose cytarabine-based induction and 71 patients treated with high-dose cytarabine-based chemotherapy. Median OS was worse for patients with high INPP4B if they were treated with either standard-dose cytarabine (11.1 vs 17.5 months; P 5 .001) or high-dose cytarabine-based induction regimens (14.5 months vs not reached; P 5 .007). Because increasing age is a wellknown determinant of chemotherapy failure, we examined CR outcomes for patients up to the age of 65 years. Among patients with high INPP4B, the CR rate was only 39% compared with 71% for patients with low INPP4B blast reactivity (P 5 .01) ( Table 1 ). These findings demonstrate that INPP4B is aberrantly overexpressed in a subset of AML and that a high proportion of INPP4B-positive blasts (50% to 100%) is associated with a lower initial response to induction chemotherapy and inferior long-term LFS and OS outcomes.
High INPP4B expression is an independent predictor of poor outcome in patients with AML undergoing intensive chemotherapy
Closer examination of characteristics typically associated with poor risk in AML revealed no significant association between patients with high INPP4B and age, secondary AML, hyperleukocytosis, adverserisk karyotype, or FLT3-ITD (Table 1) . A multivariate analysis revealed that high INPP4B was an independent predictor of poor OS outcome for patients with AML at diagnosis (hazard ratio [HR], 2.2), along with adverse-risk karyotype (HR, 1.7) and age .55 years (HR, 2.1) ( Table 2 ). This effect as an independent predictor of survival still remained if patient outcome was censored for allograft (Table 2) .
Endogenously overexpressed INPP4B in primary AML blasts is catalytically active
We next sought to determine whether the INPP4B expressed endogenously in human AML cells possessed lipid phosphatase activity. Immunoblot analysis of INPP4B across a panel of 6 human AML cell lines revealed high expression in OCI-AML3 and KG1 cells ( Figure 3A) . Furthermore, INPP4B was expressed strongly in 16 of 30 primary human AML patient samples when compared with BM samples from normal donors ( Figure 3B -C and supplemental Figure 6A ). To assess the catalytic function of INPP4B, a malachite green phosphatase assay was used to measure the ability of INPP4B to dephosphorylate PtdIns(3,4)P 2 to PtdIns(3)P and liberate free phosphate molecules. Because both INPP4A and INPP4B can each dephosphorylate PtdIns(3,4)P 2 , INPP4A was first immunodepleted by using an mAb to INPP4A to ensure that the assay specifically measured INPP4B phosphoinositide phosphatase activity ( Figure 3D ). As shown in Figure 3E , among patient samples or in AML cell lines ( Figure 3C and supplemental Figure 6 ). Thus, although INPP4B has been proposed in some cellular contexts to be a negative regulator of PI3K signaling, 25 our results suggest that it is likely to have different roles in leukemia.
INPP4B overexpression is associated with resistance to leukemia therapy independent of its phosphoinositide phosphatase function
Because multivariate analysis indicated that INPP4B overexpression in AML was significantly associated with poorer patient outcomes, we then investigated the possibility that high INPP4B levels may have a functional role in promoting chemoresistance in AML cells. To examine this possibility further, wild-type INPP4B was overexpressed in 4 independent AML cell lines (MV4;11, HEL, HL60, and U937), each of which had low INPP4B expression ( Figure 3A ). Increased INPP4B catalytic activity in association with overexpressed INPP4B was verified in each cell line ( Figure 4A ). Importantly, we also expressed a catalytically inactive mutant of INPP4B (INPP4B C842A) For personal use only. on July 21, 2017. by guest www.bloodjournal.org From that lacked catalytic activity in the malachite green lipid phosphatase assay ( Figure 4A ). Compared with vector control cells, MV4;11, HEL, HL60, and U937 AML cells overexpressing wild-type INPP4B were significantly more resistant to the induction of cell death by ara-C ( Figure 4B -E). MV4;11 and HEL cell lines were also resistant to increasing doses of daunorubicin (supplemental Figure 7A-B) and etoposide (supplemental Figure 7C-D) , which represent standard cytotoxic drugs used in the clinical management of AML. INPP4B overexpression also conferred resistance to ara-C in long-term clonogenic assays (supplemental Figure 8) . Unexpectedly, the catalytically inactive INPP4B C842A mutant also mediated chemoresistance in short-term cell survival assays as well as longer-term clonogenic assays, indicating that the phosphatase function of INPP4B was not required for mediating drug resistance ( Figure 4B-E and supplemental Figure 8 ).
Although there was no clear association between high INPP4B and pAKT in cell lines or primary AML samples, the effect of transgenic overexpression of INPP4B and INPP4B C842A on signaling pathways associated with chemoresistance was explored. Despite overexpression of INPP4B in MV4;11 and HEL in cell lines, no changes in the phosphorylation status of AKT S473 or in the expression levels of Bcl-2 family members Bcl-2, Bcl-x, Mcl-1, or Bim were observed (supplemental Figure 9A) . Although a minor increase in pERK was noted in MV4;11 cells, this was not evident in HEL cells (supplemental Figure 9A) . Furthermore, the marginal increase in pERK was also present in MV4;11 cells overexpressing the phosphatase inactive form of INPP4B, thereby weakening any potential link between INPP4B phosphatase function and pERK signaling. To determine whether transgenic INPP4B was expressed at physiologically relevant levels, a comparison was made with INPP4B expressed in a range of primary AML cells (supplemental Figure 9B) . This confirmed that transgenic levels of INPP4B and INPP4B C842A were comparable to levels observed in AML cells manifesting high levels of constitutive INPP4B. To determine whether chemoresistance could be explained by a non-phosphatase-dependent role for INPP4B, we next examined whether small interfering RNA (siRNA) -mediated knockdown of INPP4B could sensitize AML cell lines and primary AML cells overexpressing INPP4B to chemotherapy. We identified two si-RNAs (INPP4B siRNA-1 and siRNA-2), which efficiently suppressed INPP4B protein in OCI-AML3 cells (supplemental Figure 10A-B) . Both si-RNAs directed at INPP4B sensitized KG-1 and OCI-AML3 cells to the cytotoxic effects of ara-C (Figure 5A-B) . Transduction of primary AML blasts with INPP4B si-RNA (supplemental Figure 10C ) also led to ara-C sensitization ( Figure 5C-D) in examples of primary AML shown to have INPP4B expressed in a high proportion of blasts (supplemental Figure 10D-E) . Thus, targeting INPP4B in a variety of AML cell contexts supports the hypothesis that INPP4B is an important determinant of chemoresistance in human AML.
INPP4B overexpression confers resistance to chemotherapy in vivo
To analyze the relevance of INPP4B as a mediator of drug resistance and to determine the importance of the phosphoinositide 4-phosphatase catalytic activity on leukemia outcomes in vivo, we examined the impact of INPP4B on human AML growth in a mouse xenograft model. MV4;11 cells overexpressing wild-type or the catalytically inactive INPP4B C842A mutant were engrafted into NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NSG) mice. Once disease was established, mice were treated with a 5-day course of chemotherapy (ara-C at 75 mg/kg by intraperitoneal injection once per day). After completing cytotoxic treatment, mice were culled, and the effect of chemotherapy on leukemic BM infiltration (percentage of human CD45
1 cells and cells expressing ZsGreen1 reporter encoded within the transgene) was examined ( Figure 6A ). As expected, treating mice with ara-C significantly reduced the burden of vector control MV4;11 cells in BM compared with untreated mice (P 5 .0006; Figure 6A ). However, chemotherapy was unable to reduce the leukemic burden in mice engrafted with MV4;11 cells expressing either INPP4B or the catalytically inactive INPP4B C842A variant, verifying in vivo resistance to cytotoxic killing linked to both forms of overexpressed INPP4B ( Figure 6A ). Consistent with the ability of INPP4B and INPP4B C842A to promote chemoresistance in vivo, mice engrafted with MV4;11 cells expressing either INPP4B or INPP4B C842A had significantly poorer survival outcomes following ara-C treatment ( Figure 6B ). These findings confirm that INPP4B is a potent mediator of resistance to standard AML therapies in vitro and in vivo and that this effect is independent of INPP4B PtdIns(3,4)P 2 4-phosphatase function. In addition to its consensus phosphatase domain, INPP4B also possesses a C2 domain, which may play an adaptor role to anchor proteins to the plasma membrane.
27-32 A plausible hypothesis is that overexpressed Figure 10D ] and AML 32 [supplemental Figure 10E ], confirming sensitization of primary AML blasts to ara-C after INPP4B siRNA targeting.
INPP4B could promote chemoresistance via an increased adapter function. Our attempts to express an INPP4B C2 deletion mutant in AML, however, were not successful, because the INPP4B DC2 variant protein was inherently unstable, with cellular expression levels much lower than those observed for transgenic INPP4B or INPP4B C842A (supplemental Figure 11 ). Although overexpressed INPP4B DC2, unlike full-length INPP4B, did not cause ara-C chemoresistance (not shown), our inability to express both constructs at comparable levels made interpretation of these results difficult. Similar problems with protein stability in the absence of the C2 domain have also been reported for PTEN. 31, 33, 34 Discussion Constitutive activation of kinase-mediated proliferation and survival pathways is a frequent finding in AML. 9, 35 Exploration of the role played by phosphoinositide phosphatases, which are negative regulators of PI3K-AKT signaling, has been limited to a small number of phosphatases in AML. In this study, we sought to identify aberrant patterns of phosphoinositide phosphatase expression in AML by using a highly sensitive mass spectrometry-based platform. This survey revealed significant overexpression of the phosphoinositide 4-phosphatase INPP4B, which on further evaluation in a panel of 205 primary AML samples from patients undergoing intensive chemotherapy was found to be associated with lower rates of CR and inferior LFS and OS. We also showed that overexpressed INPP4B had independent prognostic relevance for overall AML survival in multivariate analysis.
INPP4B has been shown in some cellular settings to downregulate PI3K signaling through its role in dephosphorylating PtdIns(3,4)P 2 and PtdIns(4,5)P 2 . We and others have previously shown that INPP4B knockdown promoted Akt activation, proliferation, and xenograft growth in models of breast cancer. 25 In breast cancer, INPP4B loss was associated with higher clinical grade and more aggressive histologic subtypes. 25, 36 In AML, we surprisingly found no correlation between INPP4B expression levels and AKT phosphorylation status in a panel of 30 primary samples. To rule out the possibility of an aberrant form of INPP4B, we confirmed that endogenously overexpressed INPP4B in primary AML samples was able to process PtdIns(3,4)P 2 ( Figure 3 ). In addition, coding mutations affecting INPP4B were not identified by using next-generation sequencing (not shown). Further experiments revealed that overexpressed INPP4B promoted resistance to drugs commonly used to treat AML, including (Figures 4 and 6) . Suppression of high endogenous levels of INPP4B in AML cells by RNA interference, however, sensitized responses to chemotherapy in contrast to the minimal effect observed from ablating lipid phosphatase activity ( Figure 5 ). These findings implicate a novel phosphoinositide phosphatase-independent gain-offunction role for INPP4B as a mediator of chemoresistance in AML in contrast to the phosphoinositide phosphatase-dependent loss-offunction role for INPP4B described in some solid cancers. Although INPP4B overexpression has been linked to chemoresistance in laryngeal, lung, and gastric cancer cells, 37, 38 our study is the first to show relevance in a large cohort of primary patient AML samples and the first to demonstrate that chemoresistance may be mediated by a mechanism independent of the phosphoinositide phosphatase domain of INPP4B. Previous studies have revealed missense mutations affecting SHIP-1 (INPP5D) in 3% of AML in association with reduced 5-phosphatase function. 19, 39 Although some SHIP-1 mutations (eg, SH2 [F28L] and SH3 [P1039S]) have been reported, which do not affect 5-phosphatase function, such variants were linked to loss-of-adaptor functions associated with the molecule. 19, 39 Although INPP4B has been linked to a tumor suppressor role in solid cancers, the functional consequences of INPP4B expression may be tissuespecific. Our finding that INPP4B may also have a non-phosphatasedependent role may provide some insight into how such diverse functions may be orchestrated as well as providing the stimulus for future studies focused on elucidating the precise mechanisms by which INPP4B promotes chemoresistance in AML.
Therapeutic resistance manifests as either failure to achieve CR or early relapse, with increasing age and cytogenetic risk being the most important predictors. 5 Forecasting chemoresistance has important implications for patients and physicians when making treatment decisions. To date, few molecular targets linked to treatment response have been clinically validated in AML. Selected examples include FLT3-ITD and mutations affecting p53. 5, 40 INPP4B overexpression has previously been linked to poor OS as part of a leukemic stem cell gene expression signature in AML. 41 In our current study, we substantially extend these observations by showing that high INPP4B, defined as protein positivity in at least 50% of AML blasts, delineates a high-risk patient population characterized by reduced response to induction chemotherapy, earlier leukemic relapse, and poorer OS outcome. For patients age 65 years and younger, the CR rate was only 39%, substantially lower than CR rates reported in other studies (typically 63% to 77%). 42, 43 Importantly, the poor prognostic value of high INPP4B was independent of other established prognostic markers, such as FLT3-ITD, age, white blood cell count, and adverse-risk karyotype. Furthermore, the prognostic value was most apparent in patients with intermediate-risk karyotype, especially those with wild-type FLT3 and NPM1 AML, thus enhancing the clinical value of this potential prognostic marker. If validated, patients with high INPP4B could be considered candidates for experimental treatment options. Although the frequency of overexpressed INPP4B in AML in our series was approximately 12%, this is similar to the frequency of mutated isocitrate dehydrogenase-2, for which targeted therapies are being actively pursued in the clinic. 44 In conclusion, this study identifies overexpressed INPP4B as a potential marker of treatment failure in patients with AML. Contrary to other studies, we find that INPP4B has phosphoinositide phosphatase-independent functions that contribute to chemoresistance. A better understanding of how INPP4B gain of function enhances drug resistance could stimulate the development of INPP4B-directed targeted therapies in the future.
